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ABSTRACT

Optically resonant metallic bowtie nanoantennas are utilized as fabrication tools for the first time, resulting in the production of polymer resist
nanostructures <30 nm in diameter at record low incident multiphoton energy densities. The nanofabrication is accomplished via nonlinear
photopolymerization, which is initiated by the enhanced, confined optical fields surrounding the nanoantenna. The position, size, and shape
of the resist nanostructures directly correlate with rigorous finite-difference time-domain computations of the field distribution, providing a
nanometer-scale measurement of the actual field confinement offered by single optical nanoantennas. In addition, the size of the photoresist
regions yields strong upper bounds on photoacid diffusion and resist resolution in SU-8, demonstrating a technique that can be generalized
to the study of many current and yet-to-be-developed photoresist systems.

The ever-increasing push toward fabrication of ultrasmall Because single metallic nanoantennas are quite sensitive
features on integrated chips drives much of modern nano-to their local environment, nonperturbative measurements of
technology. A prerequisite for nanolithography is the ability the near-field distribution have proven to be diffictft!®

to expose and develop photoresist on the scale of a few ten€On the other hand, methods involving light-induced changes
of nanometers. The advent of single optical nanoanténtfas  in polymer matrices are minimally invasive and have been
provides a method for producing ultrasmall features in resist. used in the past to characterize scattered optical fields by
Optical nanoantennas are specifically engineered to produceboth one-photon and two-photon absorption. For example,
greatly enhanced fields at visible and near-infrared (NIR) SDL optical resist exposure in the linear regime has been
wavelengths and to confine them to region20 nm in size, demonstrated (with minimum feature sizes downr-&80 nm)
significantly defeating conventional diffraction limits. Here for techniques ranging from NSORF° and near-field

we fabricate ultrasmall photoresist nanodots using two- lithography mask exposuféto plasmon-assisted exposéfe.
photon polymerization enabled by the huge localized en- Similarly, light-generated topographical changes in an azoben-
hancement in the vicinity of lithographically produced Au zene dye polymer have been employed for mapping near-
bowtie nanoantennas. Record-low voxel diamete8® nm field distributions, but only for aperture-based syst&raad

are generated at record low incident infrared average powerdarge antenna array$.Bowtie nanoantennas pumped on
of 27 uW (30 kW/cn?). While sub-diffraction-limited (SDL) resonancewith a diffraction-limited spot provide a powerful
resolution has been the goal of near-field optics for some geometry for SDL fabrication. This is a result of their much
time 1! nanoantennas comprised of plasmonically coupled greater near-field light coupling efficiency than NSOM
metallic nanoparticles offer appreciable advantages over otheProbes (efficiency~10% for a bowtié versus efficiency
near-field probes, most notably aperture-bddtcand ap-  ~107° for a typical metal-coated pulled fiber préB&where

ertureless*snear-field scanning optical microscopes (NSOM the efficiency of the bowtie antenna is defined as the ratio
and ANSOM, respectively). of the bowtie scattering cross-section area to the area of the

diffraction limited excitation spot). In addition, the bowties
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reaction, is an established method for fabricating two- and
three-dimensional (3D) structures with SDL resolutidrs®

Due to the nonlinear dependence of the polymerization on
electromagnetic field intensity, exposure occurs only where
field strength is greatest, and the fabrication of SDL objects
has been demonstrated by both conventf8iaP2*¢and tip-
enhanced microscopy. Much of the TPP work in the
literature has concentrated on the commercially available
epoxy-based photoresist SU-8, which has been optimized for
high-aspect-ratio structure fabrication and is well-suited for
3D lithography?® Recently, minimum feature sizes {70

nm and~30 nm have been demonstrated for ANS®&hd
confocal-scanning excitati&htechniques, respectively, the
latter for a specialized structure. We note that while the
absorption of wavelengths near 800 nm in SU-8 has
traditionally been described as a two-photon process and is
referred to as such here, it is possible that exposure is
partially due to a higher-order process.

‘Our samples consisted of arrays of single bowtie antennas g re 1. (a) AFM image showing large-scale resist exposure at
with bowtie gap widths ranging from 16 to 40 nm, fabricated average powers of 4.7 and 2.3 mW. The holes coincide with the
by e-beam lithography on a fused silica/indium tin oxide presence of bowties in the array. (b) SEM image of the boundary
(ITO) substrate, as previously reporfeBach triangle of a  region between a 2.3 mW scan, a 1.0 mW scan, and an unexposed

. . . region (to the right of the dotted line). We observe blanket TPP
bowtie was 8t 5 nm in length. The bowties, space@ for the 2.3 mW scan but exposure only near bowties for the 1 mW

apart, were made of a 20 nm gold filnma 4 nmtitanium scan (note dark areas around bowties in this region). All exposed
sticking layer. The commercial ultraviolet photoresist SU-8 bowties in (a) and (b) were damaged by the high excitation fields.
2002 precursor solution was diluted in a cyclopentanone (c) SEM image of bowtie (36 nm gap) exposed at 420 showing
solvent to 2.5 vol %. Before resist application, samples were @ dark, unresolved spot from exposed photoresist and (d) an
cleaned in KOH/EtOH solution, then rinsed with Nanopure unexposed bowtie.
water (EASYpure, resistivity= 18.3 MQ cm), and dried 5 second harmonic signal from the bowtie is responsible
with a stream of air. Samples were spin coated with a 75 ¢4 the photopolymerization.
nm film of SU-8 resist and were baked at 90 and 1CGor An atomic force microscope (tapping AFM, Si cantilever
2 min each. After exposure, the development process, pigital Instruments 3000) image of developed regions
consisted ba 1 min postexposure bake (PEB) at I& a  gyposed with 4.7 and 2.3 mW average laser powers is shown
1 min cyclopentanone dip to remove the unexposed resist, &y Figure 1a. At these high powers, TPP occurs in the absence
2-propanol rinse, and drying with a heat gun. All samples ¢ the enhanced bowtie fields and hence we see a continuous
were then subjected to-a5 min UV hard bake with an Hg  |ayer of exposed resist in the AFM image. In addition to the
lamp. exposed resist layer, we also observe holes over areas where
The exposures were performed in a sample-scanningthe bowties were present. At these high incident powers, the
inverted optical microscope. The excitation source for the enhanced fields at the bowties were enough to afilate
exposure was a mode-locked Ti:sapphire laser (pulse widththermally boil-off® the resist around the bowties, thus
7 = 120 fs, repetition ratt= 75 MHz and wavelengthincident providing initial proof of field enhancement in the nano-
= 800 nm). The 800 nm wavelength was chosen to ensureantennas. The high incident powers (average pow&G0
sufficient TPA in the resist and to excite the bowtie antennas 4W) also result in bowtie damage. We note that the TPP
reasonably close to resonarfcéhe laser was focused to a  threshold average power in the absence of bowties was found
diffraction-limited spot at the sample by a 1.3 numerical to be 1.8 mW for our particular film thickness, step size,
aperture (NA) 10& oil objective. The focal plane position and dwell time, consistent with the threshold found in
on the sample was confirmed by a charge-coupled deviceprevious studied®32
(CCD) camera attached to the front port of the microscope.  Figure 1b is a scanning electron microscope (SEM) image
The samples were exposed at average powers ranging fronof the boundary region between a 2.3 mW scan, a 1.0 mW
27 uW to 10 mW. A 20um x 20 um area containing at  scan, and an unexposed region (to the right of the dotted
least 36 bowties was scanned at each power level. Each scatfine in Figure 1b). In the SEM, the efficiency of secondary
consisted of 200« 200 pixels (100 nm/pixel) with a 10 ms  electron emission is much higher for conductors than for
dwell time/pixel. Two-photon-excited photoluminescence insulators. This, coupled with a small penetration depth
(TPPL) from the bowties was simultaneously collected with associated with the low energy primary electron beam (2
the same objective (as previously descripeduring the KV), makes the SU-8 resist layer appear dark in contrast to
exposure and provided a direct experimental measurementhe bright gold and ITO regions. This becomes apparent in
of the field enhancement at every scanned bowtie. We haveFigure 1b, where blanket TPP occurs at the 2.3 mW incident
separately determined that neither the TPPL emission norpower. As the power is reduced, however, TPP is observed
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Figure 2. AFM images and cross sections along the nanoantenna axis of bowties exposed atu(@), ZBp 1064W, (c) 54uW, (d) a
record low 27uW, and (e) unexposed bowtie. The black line in the cross-section figures shows the bowtie height before exposure. Each
of these bowties has a gap size~086 nm.

only near the bowties, which is demonstrated by the slightly to the probabilistic nature of the photoacid diffusion. The
darkened areas surrounding the bowties in the 1 mW scanlowest power level at which we observed resist exposure
region of Figure 1b. To better see what happens at low was 27uW (Figure 2d). At this power level, two resist pillars
powers, parts ¢ and d of Figure 1 show SEM images of a located just at the tips of the constituent triangles in the
bowtie antenna exposed at an average power of/2@nd bowtie are observed. The resist height is maximum at the
an unexposed antenna, both of which have gap sizeS6f tip of the triangles, indicating that the highest field enhance-
nm. For the 12QuW exposure, we observe a dark region ment occurs here and falls off in the gap. We measured a
primarily confined near the bowtie gap, in contrast to the full width half-maximum (fwhm) feature size o£30 nm
unexposed bowtie. This provides experimental validation of for each of the resist pillars. Also, exposure at this average
resist exposure in the vicinity of the gap between triangles incident power corresponds to an intensity enhancement of
in the antenna and is a signature of strong field confinement. >67 at the bowtie surface, determined by computing the ratio
Although the SEM does not show the exact size of the of the unenhanced exposure threshold to that for the resist-
polymer region due to the low acceleration voltage, the partial covered bowtie. Essentially, the bowtie nanoantenna “cap-
transparency of the exposed SU-8 in SEM images still allows tures” the energy present in the diffraction-limited excitation
us to measure the gap sizes of bowties, the importance ofspot and concentrates it into two very small areas at the
which is discussed below. bowtie tips near the gapresulting in an increased energy

In addition to SEM imaging, quantitative topographical density in these nanoscale regions that exceeds the threshold
characterization of resist features on exposed bowties wasexposure. These represent the best values for light confine-
obtained via atomic force microscopy (AFM). Figure 2a ment and enhancement measured experimentally in the near-
shows an AFM image for a bowtie exposed at 228. At field of a lithographically fabricated nanoantenna thus far.
this incident power, the optical field is strong enough to We note that the raised resist features in the AFM images
generate significant amounts of photoacid, and the entire appear wider than they actually are due to convoldfion
antenna is covered with resist after development (see linebetween the tip (whose radius of curvature is comparable to
scan in the lower part of the figure). The field is strongly the dimensions being measured) and the sample. It may
enhanced in the vicinity of the gap, resulting in a high therefore be concluded that the features are narrower than
concentration of photoacid in this region, and we therefore 30 nm.
observe taller resist features near the gap. During the 1 min  The trends displayed in Figure 2 are indicative of the TPP
PEB, these acids diffuse away from the highly concentrated trends observed for more than 30 bowtie exposures per-
region, ultimately covering the bowtie and surrounding region formed at each power. For incident average powers between
with cross-linked resist. We also find excess resist exposure100 and 50Q0¢W, exposed features are always observed near
at the back center of each triangle in the bowtie. Even thoughthe gap, at the primary regions of field enhancement. Also
finite-difference time-domain (FDTD) simulations predict at these powers, secondary features are often observed at
slightly enhanced regions at the back corrfettse lack of regions on the bowtie corresponding to points of lesser, but
polymer deposition at the corners could signal excess finite, field enhancement (i.e., at edges and the outside
roughness near the center of the back edge. At a power levelcorners). At the lowest incident exposure powers, 54 and
of 106 uW (Figure 2b) we begin to observe better resist 27 uW, exposed resist is confined near the gap and is present
confinement close to the triangle tips near the gap. When only for bowties with gap sizes between 30 and 40 nm. Itis
the incident power level is further reduced to/®4 (Figure important to note that nearly all the features fabricated here
2c), the observed confinement is even sharper, but theare well below 100 nm in dimension. In this regime, feature
polymer shape produced for this particular bowtie is hard to size, shape, and position are significantly influenced by the
reconcile precisely with FDTD simulations and may be due fundamental resolution of the resist, which for a chemically
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amplified resist like SU-8 is determined by the stochastic
and dynamic nature of photoacid diffusion and reaction
kinetics. The ultrahigh spatial resolution provided by the
bowtie affords us the opportunity to estimate upper bounds
for the properties that fundamentally limit lithographic
reproducibility, which is discussed in more detail below.

Along with the experimental measurements, we also
studied the field enhancement and confinement in bowtie
antennas by FDTD simulations, building upon previously
reported studie$? The FDTD simulations for this work
modeled bowtie antennas that closely resembled the fabri-
cated structures covered with a 76 nm layer of SU-8 resist
(the SU-8 optical properties are knowmatigen:= 800 nm).

As expected, the experimentally measured polymer exposure
and intensity enhancement from TPPL were strongly cor- (b)
related. From SEM analysis, we observed that our best resist
exposures (at 27 and %4V) arose from bowties with-36 ) '

nm gaps, and FDTD computations for a 36 nm gap width I Topography |
bowtie are shown in Figure 3a. The FDTD simulations r'd

predict an intensity enhancement of 107 at 4 nm above each
of the triangle tips of the resist-covered nanoantenna. This

intensity enhancement falls off to16 in the gap between I EDTD

the triangles. As can be seen in Figure 3b, the profile of the

resist features for the 2iZW case, a measure of confined |Intensity|2

field enhancement and distribution, correlates well with the

rigorous FDTD simulations of field distribution. "ﬂvnu N
The enhancement values obtained from TPPL measure- : : :

ments for bowties with~36 nm gaps were higher than those 0 209 400 600

obtained from bowties with smaller gaps (e.g., gap sizes of Distance (nm)

~16 nm). This can easily be understood from the fact that
the reS|st—covered_ bowtie has a different peak_ resonancejzigulre 3. (a) Color surface plot of FDTD-calculated? (|E[4)
wavelength behavior than that for a bare bowtie. FOr our gigiribution in a plane parallel to the surface 4 nm above a bowtie
fixed pumping wavelength of 800 nm (to ensure sufficient with a 36 nm gap. The peaki? (|E|%) enhancement value for the
TPP), the resist-covered bowtie with resonance closest toFDTD plot is 11450 and the minimum value is 1. The squared
800 nm is at a gap 0f40 nm* For a 36 nm gap bowtie, intensity is plotted since TPP is the result of a two-photon absorption
FDTD computations yield d.s= 872 nm and an intensity process. (b) Comparison of the resist exposure topographical cross

section obtained at 272W and a linecut through the bowtie axis of
enhancement o+353 when pumped on resonance. We note the || 2 piot obtained from FDTD simulations. The peak positions

that the intensity enhancement figures obtained independentlyof the resist topography anti? field distributions agree to within
from the resist exposure>67) and TPPL measurement one FDTD simulation node (4 nm).

(~150) for the bowtie exposed at 2V (Figure 2d) are
roughly consistent, and this is the case in general. Both valuesof the two resist features in Figure 2d contain approximately
also generally agree with intensity enhancement predicted500 monomers. Since each monomer in a cross-linked region
by FDTD (~107) for a bowtie with a 36 nm gép. is connected to seven others on aver#gten a single
Due to the nature of chemically amplified photoresists, photoacid can initiate at most (500 7)/2 = 1750 cross-
nanostructure fabrication via a nanoscale light source islinks during the 1 min PEB (it is worth noting here that no
predominantly determined by probabilistic factors, especially radical quenchers are intentionally introduced to SU-8).
near the TPP threshold (e.g., probability of a TPA event Furthermore, the Figure 2d resist features are approximately
occurring, stochastic diffusion, etéy.* While resist features  hemispherical in shape with a radius .0 nm, yielding
similar in size and shape to those in Figure 2d were fabricatedan upper bound for photoacid displacement in 1 min (at 105
for many bowties, no smaller features were observed on the°C). This movement is determined by both (time-dependent)
samples. If this is the minimum feature size attainable in photoacid diffusion and resist reaction kinet#¢s!! and it
the SU-8 2002 resist system (or is at least the minimum sizeis unknown which of these is the limiting effect. If one
that adheres to the surface), then an upper bound on théfurther assumes diffusion-limited movement (and that dif-
number of cross-links initiated by a single photoacid and on fusion occurs for the full 60 s), then a diffusion constant
acid diffusion is obtained by assuming the smallest feature upper bound of 3x 1074 cn?/s is found for this system
results from the generation of a single photoacid. On the using the 3D Brownian motion formulaif?Cl= 6Dt where
basis of the known SU-8 density~(200 kg/nf) and r is the position of the diffusing particle after tintavhen
molecular weight of the SU-8 monomer (1398 g/mol), each measured from its starting position abdis the diffusion
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constant. This value falls well within the (large) range of findings. This material is available free of charge via the
photoacid diffusion constants reported in the literature for a Internet at http://pubs.acs.org.
number of resist systeni&Certainly, nanoscale fabrication
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